Background-Human immunodeficiency virus protease inhibitors (HIV PIs) are associated with hyperlipidemia, hyperglycemia, and obesity; however, it is not known whether they increase risk of atherosclerotic vascular disease. The purposes of this study were to characterize the lipoprotein abnormalities associated with use of HIV PIs in individuals with HIV infection and to determine the pathophysiological significance of these changes by assessing their effect on endothelial dysfunction. Methods and Results-This was a cross-sectional study of 37 adults with HIV-1 infection who were receiving antiretroviral therapy. Twenty-two were taking HIV PIs (group 1); 15 were not (group 2). Lipids and lipoproteins were measured by enzymatic techniques and nuclear magnetic resonance spectroscopic analysis. Flow-mediated vasodilation (FMD) of the brachial artery was measured by high-resolution ultrasound. Subjects in both groups were similar in regard to age, time since diagnosis of HIV infection, and CD4 cell count. Group 1 subjects had higher total cholesterol (5.68 versus 4.42 mmol/L, Pϭ0.007) and triglyceride (4.43 versus 1.98 mmol/L, Pϭ0.009) levels, characterized by elevated levels of IDL and VLDL. Subjects in group 1 had impaired FMD (2.6Ϯ4.6%), indicative of significant endothelial dysfunction. Group 2 subjects had normal FMD (8.1Ϯ6.7%, Pϭ0.005). In group 1, chylomicron, VLDL, IDL, and HDL cholesterol levels predicted FMD. Conclusions-Use of HIV PIs is associated with atherogenic lipoprotein changes and endothelial dysfunction. Because these metabolic and vascular changes predispose to atherosclerosis, monitoring and treatment of dyslipidemia in patients taking these medications is warranted. (Circulation. 2001;104:257-262.) 
H uman immunodeficiency virus protease inhibitors (HIV PIs) are key components of antiretroviral therapy in patients with HIV infection; however, many patients receiving these medications develop risk factors for coronary artery disease (CAD), such as hyperlipidemia, hyperglycemia, and central obesity. [1] [2] [3] As survival of individuals with HIV infection increases, atherosclerotic vascular disease could become an important HIV-related complication, especially if therapy for HIV infection and the metabolic derangements associated with such treatment are atherogenic. Indeed, severe premature CAD has been reported in patients receiving these medications. 4 Although consistent associations between use of HIV PIs, hypercholesterolemia, and hypertriglyceridemia have been identified, hypertriglyceridemia and atherogenic lipoprotein changes also have been described in patients with HIV infection who were not receiving these medications. 1, [5] [6] [7] [8] The lipoprotein changes associated with use of HIV PIs have not been described in detail, and the effects of these medications on markers of atherosclerosis, such as endothelial function, have not been evaluated. The purposes of this study were to characterize the lipoprotein abnormalities associated with use of HIV PIs in individuals with HIV infection and to determine the pathophysiological significance of these changes by assessing their effect on endothelial dysfunction.
Methods

Experimental Protocol and Clinical Parameters
The University of Wisconsin Medical School Institutional Review Board approved this study, and all subjects provided informed consent. Consecutive patients with HIV-1 infection for Ն6 months who were receiving stable doses of antiretroviral medications were screened for participation. Individuals with CAD or recent opportunistic infection or who were taking anabolic steroids, immunomodu-lators, or lipid-lowering medications were excluded, as were subjects who smoked Ն1 pack of cigarettes daily. Of 76 eligible patients, 6 could not provide informed consent, 31 refused to participate because of time considerations, and 2 did not provide a reason for not enrolling in this study.
Subjects in group 1 (receiving HIV PIs) took stable doses of commercially available HIV PIs for Ն6 months. Subjects in group 2 (not receiving HIV PIs) underwent stable antiretroviral regimens that did not include an HIV PI. Clinical parameters are summarized in Tables 1 and 2. Fasting serum glucose levels were measured by the hexokinase method. CD4 cell counts were measured by flow cytometry. Plasma HIV RNA titers were measured by a bDNA hybridization assay (Chiron). Resting heart rate (HR) and systolic blood pressure (SBP) were measured by oscillometric sphygmomanometry.
Measurement of Lipid and Lipoprotein Parameters
After a 12-hour fast, 2.0 mL of venous blood was collected into EDTA specimen tubes and centrifuged at 2000 rpm for 15 minutes. A 1.0-mL aliquot was withdrawn, and total serum cholesterol, HDL cholesterol (HDL-C), and triglyceride levels were measured by enzymatic methods on a Hitachi 747 analyzer with standard reagents (Roche Diagnostics). Remaining plasma was frozen at Ϫ70°C and shipped within 60 days for lipoprotein analysis with nuclear magnetic resonance spectroscopy (LipoMed). 9 
Measurement of Brachial Artery Ultrasound Parameters
Subjects who smoked cigarettes were excluded from this part of the study. Brachial artery (BA) reactivity studies were performed in the morning on the day of phlebotomy in the fasting state. [11] [12] [13] Hyperemia was induced by inflating a tourniquet around the forearm to a suprasystolic pressure for 4.5 minutes. Flow-mediated vasodilation (FMD) of the BA was measured 1 minute after cuff deflation. Nitroglycerin-mediated vasodilation (NTGMD) was measured 3 minutes after administration of sublingual nitroglycerin (400 g).
BA diameters and blood flows were measured with a 7.5-MHz linear-array ultrasound transducer and a Hewlett-Packard 5500 Sonos ultrasound system. BA diameters were measured in triplicate with digital calipers (Secure Archive). Measurements were performed blinded to subject information, including group and study date. In this laboratory, reliability for measurement of the BA diameter is 0.987, reflecting an interclass correlation coefficient across all readings and conditions. 11
Statistical Analysis
All parameters were described by means and SDs. Between-group differences were compared by repeated-measures t tests and verified by permutation tests to calculate exact probabilities. 14 Differences in categorical variables were evaluated by 2 tests or Fisher exact tests. Pearson correlation coefficients described linear relationships between parameters. Predictors of FMD were determined by linear and stepwise regression analyses. Several regression equations were evaluated by standard statistical techniques to describe mediational effects of HIV PI therapy and other parameters on FMD.
Results
Clinical Parameters
Of the 37 subjects in this study, 22 were taking HIV PIs (group 1) and 15 were not taking these medications (group 2). The average age was 42.2Ϯ7.6 years. Differences between groups were not significant in regard to any nonlipid risk factors for CAD. Subjects in group 1 tended to have a higher body mass index (BMI) and waist-to-hip ratio; however, resting HR, SBP, and serum glucose levels were similar in both groups ( Table 1 ). The average time since diagnosis of HIV infection was 84.5Ϯ42.0 months. Subjects had been taking antiretroviral therapy for 68.9Ϯ40.1 months. Subjects receiving HIV PIs had been taking these medications for 30.8Ϯ9.6 months. Indinavir was the most commonly used HIV PI. Only 2 subjects were taking ritonavir. Four subjects were taking 2 HIV PIs. All subjects were receiving nucleoside reverse transcriptase inhibitors (NRTIs), of which lamivudine, stavudine, and zidovudine were commonly used. More subjects in group 2 were receiving the non-nucleoside reverse transcriptase inhibitor (NNRTI) nevirapine than in group 1 (Pϭ0.013). Otherwise, differences between the groups were not significant in regard to any of the clinical parameters related to HIV infection and therapy ( Table 2) . One subject in group 2 had used indinavir for 6 weeks but discontinued it Ͼ6 months before enrollment.
Lipid and Lipoprotein Parameters
Subjects in group 1 had mild hypercholesterolemia, with higher total serum cholesterol levels than subjects in group 2 (Pϭ0.007). HDL-C concentrations were similar in both groups, but non-HDL-C levels were higher in group 1 (Pϭ0.017). Group 1 subjects had marked hypertriglyceridemia, with higher total serum triglyceride levels than subjects in group 2 (Pϭ0.009; Table 3 ).
Subjects in group 1 had elevated IDL and VLDL concentrations that were higher than in group 2 (Pϭ0.023 and Pϭ0.022, respectively). Elevated VLDL levels were due to higher concentrations of large VLDL particles, which include chylomicron remnants (Pϭ0.012). Group 1 subjects tended to have higher levels of chylomicrons, larger VLDL particles, and small HDL particles; however, mean HDL particle diameters were similar in both groups. Although subjects in Significant correlations were not observed between any of the lipid and lipoprotein parameters and any of the clinical parameters related to HIV infection and therapy, including time since diagnosis of HIV infection and time on HIV PI therapy. Significant correlations were identified between several lipid and lipoprotein parameters, fasting serum glucose levels, SBP, waist-to-hip ratio, and BMI (data not shown). Subjects receiving lamivudine, stavudine, or zidovudine did not have significantly different lipid values than subjects not receiving these medications. Subjects receiving therapy only with NRTIs were similar to subjects receiving both NRTIs and NNRTIs in regard to lipid levels. Use of nevirapine did not affect lipid levels.
BA Ultrasound Parameters
Resting BA diameters and blood flow rates were similar in both groups. The increase in forearm blood flow was similar in both groups, indicating a similar stimulus to FMD of the BA. NTGMD was similar in both groups. Subjects in group 1 had markedly impaired FMD (2.6Ϯ4.6%), which was lower than the normal values observed in group 2 (8.1Ϯ6.7%, Pϭ0.005; Table 4 ).
Significant correlations were not observed between FMD and any clinical, lipid, or lipoprotein parameter except SBP (rϭ0.404, To clarify which metabolic abnormalities predicted FMD, data from subjects receiving HIV PIs were analyzed separately. In group 1, stepwise regression analysis again identified BA diameter (PϽ0.001) and SBP (Pϭ0.037) as predictors of FMD. The linear regression model identified significant contributions of both parameters, as well as chylomicron, HDL-C, and glucose levels (PϽ0.050). In group 1, the final model also included VLDL, IDL, and HR (PϽ0.100) and explained a significant amount of the variance in FMD observed in subjects receiving HIV PIs (model 2, FMDϭ0.108Ϫ0.005ϫchylomicronsϪ0.001ϫVLDLϪ0.002ϫ IDLϪ0.003ϫHDL-CϪ0.0004ϫglucoseϪ0.002ϫHRϩ0.003 ϫ SBPϪ0.514ϫBA diameter, R 2 adjusted ϭ70.6%, SEEϭ0.026, Pϭ0.018).
BA diameter, HR, and SBP contributed independently to both models; however, in subjects receiving HIV PIs, chylomicron, IDL, VLDL, HDL-C, and glucose levels helped predict FMD. To determine whether the additional parameters identified in model 2 explained the contribution of HIV PIs to the variance in FMD identified in all subjects, chylo- micron, IDL, VLDL, HDL-C, and glucose levels were added back to model 1, in place of the term representing use of HIV PIs. The resulting model explained 63% of the variance in FMD observed in the present study, which was similar to the explanatory power of model 1 (SEEϭ0.038, PϽ0.001). When these parameters were directly added to model 1, use of HIV PIs remained a significant predictor of FMD (Pϭ0.012); however, the marginal sum of squares, a measure of the unique predictive information contained in this variable, decreased from 0.033 to 0.008, which indicates that most of the effect of HIV PIs was accounted for by the metabolic parameters added back to the model. In group 2, FMD did not differ between subgroups receiving and not receiving lamivudine, stavudine, or zidovudine. Subjects taking NRTIs alone or in combination with NNRTIs also had similar values for FMD. Nevirapine use did not influence FMD.
Discussion
Subjects taking HIV PIs had atherogenic lipoprotein changes characterized by elevated levels of triglyceride-rich lipoproteins and their cholesterol-rich remnants. Subjects taking HIV PIs also had impaired FMD of the BA, a marker of severe endothelial dysfunction, whereas endothelial function in subjects with HIV infection but not taking these medications was normal. The primary determinant of impaired endothelial function was use of an HIV PI. In subjects receiving these medications, chylomicron, VLDL, IDL, and HDL-C levels predicted FMD. This is the first in vivo demonstration of the atherogenicity of HIV PIs.
HIV PIs and Atherogenic Lipoproteins
Hypercholesterolemia and hypertriglyceridemia have been associated with use of HIV PIs; however, specific lipoprotein abnormalities have not been described in detail. 1, [5] [6] [7] HIV infection per se is associated with hypertriglyceridemia and small, dense LDL particles. 8 In the present study, subjects who were not receiving HIV PIs had mild hypertriglyceridemia, elevated VLDL, and small LDL particles, as reported previously. 8 Subjects receiving HIV PIs also had small LDL particles, but additional atherogenic lipoprotein changes were identified, including a disproportionate elevation in large VLDL and chylomicron remnants and elevated IDL, a remnant of VLDL metabolism. Subjects in group 1 also tended to have higher levels of small, less protective HDL particles. 15 The observation that subjects taking HIV PIs had elevated IDL and large VLDL levels is consistent with a previous report that VLDL and IDL cholesterol and triglyceride levels increased in healthy adults who took ritonavir for 2 weeks. 16 The triglyceride levels in group 1 were higher than in previous studies despite infrequent use of ritonavir; however, triglyceride levels in group 2 also were high, as were BMIs and waist-to-hip ratios. 1, [5] [6] [7] [8] Although ritonavir raises triglyceride levels, other HIV PIs can cause severe hypertriglyceridemia. 16, 17 In one study, 17 60% of subjects taking HIV PIs had triglyceride levels Ͼ5.6 mmol/L, even though fewer than one third were taking ritonavir. The average BMI in that study (24.9 kg/m 2 ) was higher than in previous studies (range 22.4 to 24.7 kg/m 2 ) but lower than in our subjects (25.6 kg/m 2 ). The triglyceride-raising effects of HIV PIs may be amplified in subjects with central obesity, especially if such obesity is mediated by insulin resistance. 1, 5, 6, 17 Because apolipoprotein concentrations and activities of enzymes involved in lipid metabolism were not measured, the relative contributions of overproduction and impaired lipoprotein clearance to the abnormalities observed in the present study could not be discerned. Hepatic overproduction of VLDL, impaired action of apolipoprotein CIII, or modulation of the effects of HIV PIs by different apolipoprotein E isoforms may explain some of the lipoprotein abnormalities observed in the present study. 16, 18, 19 Insulin resistance, which was not assessed formally in the present study, also may have affected lipoprotein metabolism. 1, 5, 6 
HIV PIs and Endothelial Dysfunction
Endothelial dysfunction of the brachial artery and endothelial dysfunction of the coronary artery are correlated with each other and predict future adverse cardiovascular events. 20 -23 In the present study, subjects receiving HIV PIs had markedly impaired endothelial function. Other than BA diameter, which is the denominator of the formula for calculating FMD, use of HIV PIs was the primary predictor of FMD. In subjects receiving HIV PIs, triglyceride-rich lipoproteins and their cholesterol-rich remnants predicted FMD, consistent with previous observations that these lipoproteins are associated with endothelial dysfunction. 24, 25 When these parameters and glucose levels were added back to the original model (model 1), they appeared to account for most but not all of the effect of HIV PIs on FMD. It is likely, therefore, that the lipoprotein abnormalities associated with use of HIV PIs contributed to the impaired endothelial function observed in patients taking these medications. Because glucose levels also contributed to the observed variance in FMD, it is possible that insulin resistance also affected FMD. 26 Neither FMD nor any of the lipid or lipoprotein parameters correlated significantly with clinical parameters related to HIV infection, including CD4 cell count, HIV RNA titer, time since diagnosis of HIV infection, time on antiretroviral therapy, or time on HIV PI therapy. The lipid and lipoprotein changes observed in the present study, therefore, were not simply reflections of improved health, better immune status, or enhanced viral suppression. 5 Indeed, CD4 cell counts and HIV RNA titers were similar in both groups.
Study Limitations
Although this study was small, the BA ultrasound technique for evaluating endothelial function is very sensitive and reproducible. [11] [12] [13] The sample size was based on published nomograms; however, the relatively small size could have limited detection of small differences between groups and among the HIV PIs, which may differ in their lipid effects. 7, 13 Nonetheless, scientifically and clinically important differences were identified in regard to FMD and levels of atherogenic lipoproteins. The magnitude of these differences permitted development of regression equations that accounted for more than two thirds of the observed variation in FMD.
Because of the cross-sectional design, unmeasured baseline differences between subjects in each group may have affected outcome parameters. Both groups, however, were very similar in age, CAD risk factors, time since diagnosis of HIV infection, time on antiretroviral therapy, CD4 cell counts, and viral loads. Except for a difference in use of nevirapine, which did not affect FMD or lipid values, both groups were also similar in use of NNRTIs and NRTIs. Furthermore, consecutive subjects arriving in clinic were screened for participation, eliminating a potential source of selection bias. With the similarities between groups and the consecutive recruitment method used, it is unlikely that baseline differences accounted for the large differences in endothelial function, lipids, and lipoproteins observed in the present study. Given the effects of glucose levels in the multivariate models and the detrimental effects of insulin resistance on endothelial function, it is possible that insulin resistance also may explain some of the variance in FMD. 26 Finally, because only a single time point in the course of a chronic disease was evaluated, longitudinal changes in end points could not be assessed.
Conclusions and Clinical Implications
HIV PIs are associated with atherogenic lipoprotein changes and endothelial dysfunction. These findings suggest that the metabolic changes associated with use of HIV PIs, including their adverse effects on triglyceride-rich lipoproteins and their cholesterol-containing remnants, are atherogenic. Patients receiving HIV PIs should be screened for hyperlipidemia and may be candidates for lipid-lowering therapies that improve endothelial function and prevent adverse cardiovascular events, depending on their long-term prognosis and risk of cardiovascular disease. [27] [28] [29] The potential for drug interactions between lipid-lowering medications and HIV PIs should also be considered. Clinical decisions regarding initiation and intensification of drug therapies for patients with HIV infection should include their adverse effects on lipids, lipoproteins, and endothelial function.
